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Abstract：The carbon coated 10% vanadiummodified lithium iron silicate (Li2Fe0.9V0.1SiO4/C) composites were prepared by sol-gel
method to form precursor and followed by solid state reaction. Effects of different carboxylic acids, namely, citric acid, acetic acid
and oxalic acid, on the crystal structures, surface morphologies, interfacial characteristics and electrochemical properties of the
composites were systematically investigated. It was found that a mixed P21 and Pmn21 phase was formed with the major impure
phase of iron (Fe) and minor impurity of lithium silicate (Li2SiO3). The initial discharge capacities of 144.7, 140.3 and 168.7 mAh·g-1
were achieved at 0.1C and room temperature, while the maximum capacities of 155.9, 145.3 and 172.0 mAh·g-1 at the 7th, 15th and
2nd cycles with the capacity retention values of 68.2%, 76.7% and 59.4% were obtained upon 50 cycles for the uses of citric acid,
acetic acid and oxalic acid, respectively. Consisting of three carboxyl functional groups, the citric acid based composite contained
higher amount of 7.8% residual carbon, the formation of impure Fe phase was promoted, and the larger charge-transfer resistance of
147 Ω was obtained, leading to lower coulombic efficiency and poorer cycle performance. On the contrast, the acetic acid based
composite contained one carboxyl functional group only, resulted in the least amount of Fe and the smaller charge-transfer resis-
tance of 73 Ω, which showed the best cycle performance with the largest capacity retention. However, carrying two carboxyl func-
tional groups the oxalic acid based composite led to 6.0% residual carbon and larger flower-like morphology, which slightly im-
proved the lithium ion diffusion coefficient, achieving more than one lithium ion (1.05) per formula unit intercalation.
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Lithium iron silicate (Li2FeSiO4) has become an
attractive cathode material for lithium ion batteries
because of its high capacity by exchanging more than
one lithium ion. However, the high deintercalation
voltage and large deformation occurred during the
delithiation of second lithium ion have greatly imped-
ed its commercial applications. These shortcomings
can be effectively overcome with substitutions by
metal cations or anions in Li2FeSiO4. Based on the
first-principles calculation, our previous study has
predicted that higher capacity and energy density can
be achieved by substitution of 50% vanadium for the
same amount of iron to form Li2Fe0.5V0.5SiO4[1] or sub-
stitution of 25% sulfur for the same amount of oxy-
gen to form Li2FeSiO3S[2] since the vanadium or sulfur
substitution facilitates more than one lithium ion ex-
traction/insertion per formula unit. However, experi-
mental preparations of vanadium or sulfur modified
Li2FeSiO4 compounds with the desirable amount of
either 50% vanadium substitution or 25% sulfur sub-
stitution are extremely difficult. The crystal structure
of the modified material is strongly interfered by the
amount of elemental substitution since the desirable
phases are not well crystallized with the introduction
of impure phases. An experimental preparation of a
highly element modified material presents technolog-
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ical challenges. Thus, the amount of vanadium modi-
fication in Li2FeSiO4 is usually less than 10%[3].
In the case of vanadium substitution, diversified
valence states lead to complexities and varieties of
existing phases. Common impure phases such as metal
silicates (Li2SiO3, Fe7SiO10), metal oxides (V3O4, Fe3O4)
and metallic iron (Fe) have been reported [4-7]. The
amounts of vanadium or carbon introduced, the
preparation routes including raw materials and sinter-
ing temperatures employed are critical in control
structure and property of vanadium modified materi-
als. The formations of common impure phases be-
came more evident and the quantities of V3O4/Fe3O4
increased almost linearly with the increase of vanadi
um amounts[6]. The major impure phases of Li2SiO3,
Fe2.936O4, and Fe7SiO10 were found with the nominal
5% vanadium modified Li2FeSiO4/C composite pre-
pared by a refluxing-assisted solid state reaction [4],
while a small amount of Fe3O4 impure phase with the
nominal 50% vanadium modified Li2FeSiO4/C com-
posite prepared by a spray drying technique followed
by a two-step solid state reaction with the carbon lay-
ers being coated by chemical vapor deposition (CVD)
using ethanol as a carbon source[5].
In this work, the nominal 10% vanadium modi-
fied carbon coated Li2FeSiO4 composites were pre-
pared through a sol-gel precursor and solid state reac-
tion route by using different carboxylic acids, name-
ly, citric acid, acetic acid and oxalic acid, as a pH
regulator and supplemental carbon source. The ef-
fects of carboxylic acids on crystal structure, surface
morphology and electrochemical performance were
systematically investigated.
1 Experimental
1.1 Material Preparations
The stoichiometric amounts of analytical grade
(AG) lithium acetate (CH3COOLi·2H2O), iron nitrate
(Fe(NO3)3·9H2O) and vanadium trioxide (V2O3, 95%)
were mixed in a beaker containing 25 mL deionized
water at 50 oC under magnetic stirring for 1 h. At the
same time, a certain amount of tetraethylorthosilicate
(TEOS, AG) was added into ethanol and stirred at
room temperature for 1 h to form the mixed solu-
tion. To ensure the same amount of carboxylic acid
(0.189 g) being used, 0.2067 g citric acid (C6H8O7·H2O),
0.5 mL acetic acid (CH3COOH, 36%), or 0.2646 g
oxalic acid (C2H2O4·2H2O) was added separately into
the as-prepared solution under magnetic agitation.
Then the mixture was first stirred at 50 oC for 3 h,
and followed by stirring and refluxing at 80 oC until
the solvent was evaporated. The obtained slurry was
gently heated at 60 oC to remove the excess water and
ethanol. The resulting precursors were mixed with
1.6182 g sucrose, and ball ground for 12 h, followed
by drying in an oven at 80 oC overnight, then ground
by a mortar and pestle, finally sintered at 350 oC for 5
h. The as-prepared powders were further sintered at
650 oC for 10 h in a N2 atmosphere to yield the final
products.
1.2 Material Characterizations
The crystal structures of the as-prepared materi-
als were characterized by X-ray diffraction (XRD,
Rigaku Ultima IV) with Cu Kα radiation (λ = 0.15406
nm). The data were recorded in the 2θ rang of 10o ~
80o. Morphological and elemental characterizations
were conducted by scanning electron microscope
(SEM, ZEISS SIGMA) equipped with energy disper-
sive X-ray spectrometer (EDX). The carbon content in
the composite was analyzed by a carbon/sulfur com-
bustion analyzer (EMIA-320). The surface specieswere
further identified by Fourier transformed infrared
spectroscope (FTIR, Nicolet Avatar 360).
Electrochemical performances of the as-pre-
pared materials were tested by using a CR2016
coin-type cell. The cathodes were constructed by
mixing the active materials, super P and polyvinyli-
dene fluoride (PVDF), in the weight ratio of 70:20:10.
Then N-methyl pyrrolidinone (NMP) was added into
the mixture to form slurry which was coated on alu-
minum foil and dried in a vacuum oven at 120 oC for
12 h. The cells were assembled in a glove with the
cathode, lithium metal as the anode electrode, Cel-
gard 2400 as the separator and 1 mol·L-1 LiPF6 in a
mixed EC/DEC (1:1 by volume) solution as the elec-
trolyte. The charge-discharge tests were performed
within the voltages of 1.5 V to 4.8 V on a LAND
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Fig. 1 A. Typical XRD patterns of the 10% vanadium mod-
ified Li2FeSiO4/C composites prepared using citric
acid (a), acetic acid (b) and oxalic acid (c). The theo-
retically calculated XRD patterns for ideal P21 and
Pmn21 structures of Li2FeSiO4 are included for com-
parison; B. XRD patterns showing the diffraction
peaks of main and iron phases at an enlarged scale.
Imain and IFe refer to the intensities of the main and iron
phases, respectively; C. The molecular structures of
citric acid (a), acetic acid (b) and oxalic acid (c).
CT2001A battery testing system at room temperature
and 0.1C. The capacity is calculated based on the ac-
tive materials, namely, 2.53 mg citric acid, 2.45 mg
acetic acid and 2.33 mg oxalic acid based compos-
ites. Electrochemical impedance spectroscopic (EIS)
measurements were performed on an electrochem-
istry workstation (AUTOLAB 302N) over a frequen-
cy range from 100 kHz to 0.1 Hz with an amplitude
of 0.01 V.
2 Results and Discussion
Typical XRD patterns for the 10% vanadium
modified Li2FeSiO4/C composites prepared using dif-
ferent carboxylic acids are compared in Fig. 1A. A
mixed P21 and Pmn21 phase was identified by com-
paring major diffraction peaks with those theoretical-
ly calculated. The small and sharp diffraction peaks
near 2θ ≈ 44o, corresponded to Fe(110), were ob-
served for all the three composites, indicating the for-
mation of crystallized iron as the major impure phase.
In the previous study, a linear relationship between
the amount of phase and the related peak intensity/area
existed in the same series of XRD spectra[6, 8]. Similar-
ly, as shown in Fig. 1B, the intensities in the diffrac-
tion peaks of iron (IFe) and main phase of Li2FeSiO4/C
at 24.2o (IMain) were evaluated. The relative intensity
ratio of IFe/IMain can be obtained to analyze the amount
of iron phase presented in the composite. The larger
the IFe/IMain value, the more crystallized iron is formed.
The IFe/IMain values for the citric acid, acetic acid and
oxalic acid based composites were calculated to be
2.47, 0.48 and 0.54, respectively, implying citric acid
facilitating the formation of impure iron phase more
significantly than acetic acid and oxalic acid. Differ-
ent types of carboxylic acids used in the materials
preparations would result in different pH values as
citric acid, acetic acid and oxalic acid consist of three,
one and two carboxyl (-COOH) functional groups,
respectively. The molecular structures of citric acid
(a), acetic acid (b) and oxalic acid (c) are illustrated
in Fig. 1C. Accordingly, the theoretical carbon con-
tents are calculated to be 37.5%, 40.0% and 26.7%,
respectively. It is expected that the residual carbon
contained in the as-prepared composites would also
be affected by different types of carboxylic acids.
Surface morphologies (A-C) and energy disper-
sive X-ray (EDX) spectra (A'-C') for the 10% vanadi-
um modified Li2FeSiO4/C composites prepared using
different acids are shown in Fig. 2. Apparently, the
composite with citric acid showed denser particle-like
morphology (Fig. 2A), while the composite with oxal-
ic acid larger flower-like morphology (Fig. 2C). The
composite with acetic acid revealed smaller flow-
er-like morphology (Fig. 2B). The observed phenom-
ena might be related to the functional groups present-
ed in carboxylic acids. The amounts of -COOH in cit-
ric acid, acetic acid and oxalic acid used in the mate-
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Fig. 2 Surface morphologies (A-C) and energy dispersive X-ray (EDX) spectra (A'-C') collected from the A, B and C regions
(the insets) of the 10% vanadium modified Li2FeSiO4/C composites prepared with (A, A') citric acid, (B, B ) acetic acid
and (C, C') oxalic acid.
rials preparations were evaluated to be 0.00295,
0.00314 and 0.00420 moles, respectively, indicating
the increased order in solution acidity of citric acid <
acetic acid < oxalic acid. High solution acidity might
lead to larger particle morphology due to the promot-
ed reaction. In all cases, the elements of carbon, oxy-
gen, vanadium, iron and silicon were detected as evi-
dent in Fig. 2(A′-C′). The relative atomic ratios of
vanadium to iron (V/Fe) were roughly evaluated to be
0.11 based on the EDX data collected from Regions
A (the inset in Fig. 2A) and B (the inset in Fig. 2B) for
citric acid and acetic acid, respectively, while 0.09
for oxalic acid from Region C (the inset in Fig. 2C).
Compared with the theoretical V/Fe value of 0.11 for
the 10% vanadium modification Li2FeSiO4, the V/Fe
value of oxalic acid based composite was slightly
smaller than 0.11, while those of citric acid and
acetic acid based composites identical to 0.11. The
high acidity resulted from oxalic acid might also con-
tribute to this effect.
The carbon contents in the composites were de-
termined by the elemental analysis method and the
results are also listed in Table 1. The values of 7.8%,
6.7% and 6.0% were obtained for citric acid, acetic
acid and oxalic acid, respectively. During the prepa-
rations of the composite materials, the same amounts
of sucrose were introduced as the major carbon
source. When the amounts of sucrose were fixed, the
amounts of carbon introduced into the composites
seemed to be related to the theoretical amounts of
carbon contained in the carboxylic acids. Citric acid
contained 7.8% residual carbon, which is larger than
acetic acid and oxalic acid, and caused the stronger
reducing environment, and thus, facilitating the for-
mations of impure phase such as Fe which was well
crystallized as indicated in Fig. 1. This is consistent
with the XRD data analysis that more impure iron
phase was formed. Another common impure phase,
Li2SiO3, was not readily identified from the XRD data
shown in Fig. 1. The FTIR spectra were, therefore,
measured and the results are compared in Fig. 3. The
peaks appeared in the range of 500 ~ 600 cm-1 and
860 ~ 960 cm-1 were assigned to the bending and
symmetric stretching vibrations of O-Si-O and Si-O,
respectively, which are associated with the SiO4 tetra-
hedron in Li2FeSiO4[6,9]. The minor peaks observed
around 400 ~ 480 cm-1 belonged to the bending vibra-
tion of O-Li-O, corresponding to LiO4 tetrahedron[6,9].
Two broad peaks were also seen at 1440 and 1502
cm-1, which are related to the CO32- vibration in
Li2CO3[10-11] and might be caused by the surface oxida-
tion of the composites due to the air exposure. The ap-
pearance of the tiny peaks at 731 cm-1 and 1060 cm-1,
which became more evident for the citric acid based
composite, belonged to the antisymmetric and sym-
metric stretching vibrations of Si-O-Si and O=Si-O,
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respectively, suggesting the presence of Li2SiO3[6,12-13].
To further obtain the interfacial electrochemical
parameters, the electrochemical impedance spectra
were measured and are presented as Nyquist plots in
Fig. 4A. The symbols represent the experimental da-
ta, while the solid lines the fitted data by using the e-
quivalent circuit given in the insert in Fig. 4A. The
ohmic resistance (RΩ) is the total resistances of the
electrolyte, separator and electrical contacts. The
charge-transfer resistance (Rct) is the resistance be-
tween the electrolyte and the active particles. The
constant phase element (CPE) replaces the conven-
tional double-layer capacitance to describe the non-
ideal behavior of the composite electrode (e.g., porosi-
ty of the material, roughness of the surface) [14-15]. The
Warburg element (W) is used to describe the lithium
ion diffusion in active material[16]. The diffusion coef-
ficient of lithium ions (DLi+) can be calculated accord-
ing to References[9,17]
DLi+=
R
2
T
2
2A
2
n
4
F
4
C
2
Li
+ σ
2 (1)
where R is the gas constant, T the absolute tempera-
ture, A the surface area of the electrode, n the number
of electrons per molecule during oxidation, F the
Faraday constant, C Li+ the con centration of lithium
ion, and σ the Warburg factor to be determined from
the slope of the following equation[9].
Zre = B + σω-1/2 (2)
The relationship between Zre and ω-1/2 is shown in
Fig. 4B. The fitting parameters are summarized in
Table 1. It is obvious that the Rct value of the citric
acid based composite (147Ω) doubled that of the acetic
acid based composite (73.0Ω), implying a slower lithi-
um ion intercalation process, which might be affected
by the numbers of -COOH contained in the carboxylic
acids. The D Li+ value of the oxalic acid based com-
posite was 3.85 × 10-15 cm2·s-1, which was slightly
larger than those of the citric acid and acetic acid
based composites (2.42 × 10-15cm2·s-1 and 2.57 × 10-15
cm2·s-1, respectively), suggesting the improved lithi-
um diffusion process. In addition to the solution acid-
ity, the residual carbon content also influenced the
formation of impure iron phase, which in turn im-
pacted the diffusion coefficient of lithium ions and
the ohmic resistance as shown in Table 1.
The electrochemical performances of 10% vana-
dium modified Li2FeSiO4/C composites prepared with
Fig. 3 The FTIR spectra of the 10% vanadium modified Li2-
FeSiO4/C composites prepared using the correspond-
ing carboxylic acids
Fig. 4 Nyquist (A) and real impedance-frequency (B) plots of different carboxylic acids based 10% vanadiummodified Li2FeSiO4/C
composites. The inset in (A) shows the equivalent circuit used for fitting the impedance data.
76· ·
魏雪霞等： 不同羧酸对钒改性硅酸铁锂结构性能的影响第 1 期
Tab. 1 EIS fitting parameters of different carboxylic acids based 10% vanadium modified Li2FeSiO4/C composites
Parameter
Carboxylic acid
Citric acid Acetic acid Oxalic acid
RΩ/Ω 7.8 6.4 3.9
Rct/Ω 147 73.0 85.6
σ 72.4 70.3 57.4
DLi+ /(cm
2·s-1) 2.42 × 10-15 2.57 × 10-15 3.85 × 10-15
Carbon/% 7.8 6.7 6.0
diffe rent carboxylic acids were tested at room tem-
perature. The initial charge-discharge profiles at 0.1C
are given in Fig. 5A. The initial discharge capacity of
the composite with oxalic acid reached as high as
168.7 mAh·g-1. The composites with citric acid and
acetic acid responded similarly with the initial dis-
charge capacities of 144.7 and 140.3 mAh·g-1, re-
spectively, owing to their relatively low DLi+ and high
RΩ. The cycle performance curves are compared in
Fig. 5B. The inset shows the detailed capacity-cycle
responses for the first 20 cycles. It was observed that
the capacity of the composite with oxalic acid initial-
ly increased from 168 to 172 mAh·g-1 during the first
2 cycles, but decayed rapidly to 147.8 mAh·g-1 at the
3rd cycle, and then decreased slowly to 100 mAh·g-1
upon 50 cycles, leading to 59.4% capacity retention.
The low RΩ (3.9 Ω) and high DLi+ (3.85×10
-15 cm2·s-1)
values were obtained for the composite prepared with
oxalic acid, which contributed to the high initial dis-
charge capacity of 168.7 mAh·g-1, corresponding to
more than one lithium ion (1.05) per formula unit in-
tercalation. This is also supported by the cyclic
voltammogram of oxalic acid based composite as
given in Fig. 5C. More than one pair of oxidation/re-
duction peaks were observed below 4.5 V. On the
other hand, the capacities of the composites with cit-
ric acid and acetic acid decreased initially and in-
creased starting from the 4th cycle due to the activa-
tion process of cathode material. The citric acid
based composite approached the largest capacity of
156 mAh·g-1 at the 7th cycle and then degraded signif-
icantly to 115 mAh·g-1 at the 14th cycle (the inset). Af-
terwards, the capacity slightly reduced to yield 68.0%
capacity retention. However, the acetic acid based
composite attained the best capacity of 145 mAh·g-1
at the 15th cycle (the inset) and achieved 76.7% ca-
pacity retention. The Coulombic efficiencies of car-
boxylic acids based composites are presented in
Fig. 5B. The composites prepared with acetic acid
and oxalic acid achieved higher than 90% Coulombic
efficiencies after 6 cycles, demonstrating better re-
versibility and durability than that with citric acid
which obtained the Coulombic efficiency higher than
90% after 21 cycles. The formation of well crystal-
lized metallic iron adversely affected the cycle per-
formance. In addition to the impact of iron, the con-
ductivity of active material also influenced the cycle
performance. The charge-transfer resistance (Rct) val-
ues of citric acid, acetic acid, oxalic acid based com-
posites were 147, 73 and 85.6 Ω, respectively. The
worse conductivity of citric acid based composite re-
sulted in lower Coulombic efficiency and poorer cy-
cle performance. On the other hand, the capacity re-
tention of 76.7% was obtained after 50 cycles with
acetic acid due to the smallest Rct value. Accordingly,
the carboxyl functional groups influenced the amount
of metallic iron formed and the conductivity of active
material, which in turn impacted the cycle perfor-
mances of the cathode materials.
To examine possible chemical states of vanadi-
um and iron presented in the composites, X-ray pho-
toelectron spectroscopy (XPS) was employed. Figure
6 gives typical XPS survey spectrum (A) and high
resolution deconvoluted spectra of iron (Fe2p) and
vanadium (V2p3/2) for the acetic acid based composite
having the highest capacity retention. It is evident in
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Fig. 6A that the composite consisted of V, Fe, Si, O,
C and Li elements. To identify the diversify chemical
states of iron and vanadium, a multi-peak fitting pro-
cedure was performed and the information based on
previous studies[18-19] is provided in Fig. 6 (B, C). The
simultaneous presences of Fe0 (707.8 eV), Fe2+ (710.0
eV) and Fe3+ (711.8 eV) implied that the dispropor-
tionation reaction of Fe3+ → Fe2+ → Fe0 might take
place during the synthesis process. Noticed that the
trivalent ions such as Fe3+ and V3+ from the raw mate-
rials of Fe(NO3)3 and V2O3, respectively, were initial-
ly presented. The maximum reductions of Fe3+ to Fe2+
and V3+ to V2+ are desirable. However, the approxi-
mate 6.1% of Fe2+ were reduced to metallic iron at the
surface and further crystallized as impure phase as
supported by the XRD data in Fig. 1. The presences
of multivalent vanadium ions including divalent
(V2+), trivalent (V3+), quadrivalent (V4+) and pentava-
lent (V5+) ions were confirmed. Only 26.8% of V3+
could be reduced to V2+, while ~ 33% oxidized to
V4+ and ~ 6% to V5+. The XPS analysis results also
suggested that although nearly 1/4 of the original V3+
could be reduced to V2+, the V3+ was the predominant
form, which could be mainly responsible for the dis-
charge capacity obtained being lower than that ex-
pected from 10% vanadium substitution. Future work
will be conducted to optimize the preparation condi-
tions.
3 Conclusions
A mixed P21 and Pmn21 phase was identified
with the nominal 10% vanadium modified Li2FeSiO4/C
composites prepared with different carboxylic acids.
The major impure phase was metallic iron with the
minor Li2SiO3. The oxalic acid based composite dis-
played the highest initial discharge capacity of 168.7
mAh·g-1 at 0.1C and room temperature, but relatively
low capacity retention of 59.4%, while the acetic acid
based composite the best capacity retention of 76.7%,
but low initial discharge capacities of 140.3 mAh·g-1.
Fig. 5 A. The initial charge-discharge curves; B. Cycle performance and Coulombic efficiency curves of 10% vanadium mod-
ified Li2FeSiO4/C composites prepared with different carboxylic acids at 0.1C and room temperature. The inset in (B)
shows the detailed capacity-cycle responses for the first 20 cycles. C. Cyclic voltammogram of oxalic acid based compos-
ite. The redox peaks of a/a' and b/b' are indicated in the curve.
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The citric acid based composite attained the initial
discharge capacities of 144.7 mAh·g-1 and the capaci-
ty retention of 68.0%. Owing to two carboxyl func-
tional groups in the oxalic acid, a larger flower-like
morphology was formed with the appropriate 6.0%
residual carbon contained in the composite, which
lowered the RΩ value (3.9 Ω) and slightly increased
DLi+ value (3.85 × 10
-15 cm2·s-1), leading to more than
one lithium ion (1.05) per formula unit intercalation.
On the contrast, the minor amount of iron impure
phase presented might result in smaller Rct value
(73.0 Ω) due to one carboxyl functional group con-
tained in acetic acid, and furthermore, possible modi-
fication of divalent iron ions by divalent vanadium
ions migh take place, all were responsible for the best
capacity retention. In the case of citric acid which
consists of three carboxyl functional groups, the max-
imum discharge capacity of 156 mAh·g-1 was obtained
at the 7th cycle, but degraded significantly to 115
mAh·g-1 at the 14th cycle due to the largest amount of
iron and residual carbon (7.8%) presented in the com-
posite, as well as the largest Rct value (147 Ω).
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不同羧酸对钒改性硅酸铁锂结构性能的影响
魏雪霞1，黄嘉祺 1，刘施阳1，程 璇 1,2*，张 颖1,2
（1. 厦门大学材料学院，材料科学与工程系， 厦门 361005；
2. 福建省特种先进材料重点实验室（厦门大学）， 厦门 361005）
摘要：采用溶胶-凝胶法得到前驱体，再通过固相烧结法制备 10%钒改性碳包覆硅酸铁锂正极材料，系统考察了 3 种羧酸
（即柠檬酸、乙酸、草酸）添加剂对 10%钒改性碳包覆硅酸铁锂正极材料的晶相结构、表面形貌、界面特性和电化学性能的影
响. 结果表明，3 种羧酸添加剂制备的材料都能得到结晶性较好的 P21和 Pmn21混合相结构，主要杂质相为铁，此外还存在少
量偏硅酸锂杂质. 以柠檬酸、乙酸、草酸为添加剂合成的 10%钒改性碳包覆硅酸铁锂正极材料在 0.1C 倍率下的首次放电容
量分别为 144.7、140.3 和 168.7 mAh·g-1，最大容量分别为 155.9、145.3 和 172.0 mAh·g-1出现在第 7、15 和 2 周，经 50 周循环
后容量保持率分别为 68.2%、76.7%和 59.4%. 柠檬酸单位分子内含有 3 个羧酸根，以柠檬酸为添加剂合成的材料残留碳含量
最高为 7.8%，促进了铁杂质的形成，较大的电荷传质电阻(147 Ω)使得库仑效率较低，循环性能较差. 相反，乙酸分子中只含
有一个羧酸根，以乙酸为添加剂合成的材料中铁杂质相最少，电荷传质电阻（73 Ω）最低，导致容量保持率最高，循环性能最
好. 草酸分子中含有两个羧酸根，以草酸为添加剂合成的材料形成较大的花状形貌，得到合适的残留碳含量（6%），极大地提
高了锂离子迁移率（3.85 × 10-15 cm2·s-1），从而取得超过一个锂离子（1.05）的脱嵌.
关键词：钒改性；硅酸铁锂；羧酸；正极材料；锂离子电池
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